Protein kinase A (PKA) phosphorylates Gli proteins, acting as a negative regulator of the Hedgehog pathway. PKA was recently detected within the cilium, and PKA activity specifically in cilia regulates Gli processing. Using a cilia-targeted genetically encoded sensor, we found significant basal PKA activity. Using another targeted sensor, we measured basal ciliary cAMP that is fivefold higher than whole-cell cAMP. The elevated basal ciliary cAMP level is a result of adenylyl cyclase 5 and 6 activity that depends on ciliary phosphatidylinositol (3,4,5)-trisphosphate (PIP 3 ), not stimulatory G protein (Gα s ), signaling. Sonic Hedgehog (SHH) reduces ciliary cAMP levels, inhibits ciliary PKA activity, and increases Gli1. Remarkably, SHH regulation of ciliary cAMP and downstream signals is not dependent on inhibitory G protein (Gα i/o ) signaling but rather Ca 2+ entry through a Gd 3+ -sensitive channel. Therefore, PIP 3 sustains high basal cAMP that maintains PKA activity in cilia and Gli repression. SHH activates Gli by inhibiting cAMP through a G protein-independent mechanism that requires extracellular Ca 2+ entry.
cAMP | cilia | PKA | Hedgehog | PIP 3 P rimary cilia are immotile organelles composed of specialized structural and signaling proteins (1) . Primary cilia are essential for Hedgehog (HH) signaling, which is important during development and is misregulated in some cancers (2, 3) . In HH signaling, there is a basal or Sonic Hedgehog (SHH)-off state during which cAMP-dependent protein kinase A (PKA) phosphorylates Gli proteins, which are then cleaved to the transcriptional repressor form (4) . When SHH is present, or during the SHH-on state, Gli proteins are in the transcriptional activator form. PKA activity is thus critical for HH signaling, particularly in maintaining the basal SHH-off state. PKA has been thought to regulate Gli proteins at the base of the cilium (5); however, recently, the subunits of PKA have been detected in cilia (6) .
G protein-coupled receptors (GPCRs) can modulate cAMP levels, which would control PKA activity, and several GPCRs are present in cilia. Smoothened, which translocates to cilia after SHH stimulation and is essential for HH signaling, is controversially classified as a inhibitory G protein (Gα i/o )-coupled receptor (7, 8) . Recently, GPR175, a Gα i/o -coupled receptor, was shown to localize to cilia and positively regulate HH signaling (9) . GPR161 is important in left-right patterning (10) and couples to stimulatory G protein (Gα s ) to activate adenylyl cyclase (AC) and produce cAMP (11) . However, whether GPCR-mediated cAMP production occurs within cilia has not been established.
In addition to PKA being an important signaling molecule in regulating ciliary proteins, cAMP and Ca 2+ are critical for regulating cilia length (12) . Although many signaling molecules do exist in the small ciliary space, until recently they have only been measured in the whole cell. Measuring signaling molecules within cilia has remained challenging due to a paucity of effective tools. A FRET-based cAMP sensor was used to measure the inhibition of D1R signaling by GPR88 in the cilia; however, comparisons between whole-cell and ciliary levels were not made and HH signaling was not assayed (13) . A more recent study used a different FRET sensor to study cAMP, but focused mainly on cAMP in flagella (14) . Three recent studies used cilia-targeted sensors to detect Ca 2+ dynamics in cilia (15) (16) (17) (16, 18) . Signaling molecules in cilia are believed to regulate pathways such as HH; however, only Ca 2+ has been measured after stimulation of the HH pathway in the cilia specifically. Here we use cilia-targeted sensors for cAMP, PKA, and phosphatidylinositol (3,4,5)-trisphosphate (PIP 3 ) to delineate the unique mechanisms controlling basal PKA activity inside cilia and SHH inhibition of this activity.
Results
PKA Activity Is Elevated in Cilia. Until recently, PKA was thought to phosphorylate Gli proteins at the base of cilia under basal or SHH-off conditions due to PKA-C localization there (5) . Several PKA subunits were recently detected within the cilium using cilia proximity labeling, and PKA-R1α was detected within cilia using immunofluorescence (6) . Additionally, by specifically inhibiting PKA activity within cilia, Mick et al. found that ciliary PKA activity is necessary for proper Gli3 protein processing (6) . We targeted a PKA activity sensor, AKAR4 (19) , to the cilia using the 5HT6 receptor (Fig. 1A) . Measurement of basal whole-cell PKA activity using AKAR4 or cilia-targeted AKAR4 (5HT6-AKAR4) in nonciliated mouse embryonic fibroblasts (MEFs) shows similar levels of PKA activity (Fig. 1B) . However, localized PKA activity within cilia is significantly higher (Fig. 1B) . Because Significance Primary cilia are immotile organelles composed of specialized structural and signaling proteins that are essential for Hedgehog (HH) signaling. cAMP-dependent protein kinase (PKA) critically regulates HH signaling, maintaining transcriptional repression. Ciliary PKA activity is critical for HH regulation; however, the signaling steps regulating PKA activity within cilia remain unclear/unexplored. Targeted sensors were used to measure signaling molecules specifically within cilia. We found that cilia have basally high cAMP and PKA activity, controlled by phosphatidylinositol (3,4,5)-trisphosphate, not G proteins. Sonic Hedgehog stimulation reduces ciliary cAMP and PKA activity, which is dependent on Ca 2+ dynamics.
PKA activity is high in cilia and dependent on cAMP, we measured cAMP levels with a fluorescent sensor targeted to cilia.
Development of a Cilia-Targeted cAMP Sensor. We adapted a genetically encoded single-color intensiometric cAMP sensor, cADDis (20) , for use as a cilia-targeted and ratiometric sensor.
To target the sensor to the cilia, we attached cADDis to the 5HT6 receptor ( Fig. 2 A-C) . To make the sensor ratiometric, we attached mCherry ( Fig. 2 A and C), whose fluorescence does not change in response to cAMP ( Fig. 2 D and E) . The mCherrytagged cADDis showed a similar response to direct stimulation of AC with forskolin or L-858051, a water-soluble analog of forskolin (Fig. S1A) . cADDis shows progressively diminished fluorescence in response to cAMP production after application of increasing concentrations of L-858051, whereas mCherry intensity remains constant ( Fig. 2 D and E) . Because the mCherry fluorescence does not change, we can use the mCherry/cADDis ratio to make comparisons between different regions of interest and different treatments. Changes in cAMP levels, expressed as mCherry/cADDis, in response to L-858051 are shown in Fig. 2F . Importantly, 5HT6-mCherry-cADDis and mCherry-cADDis reported similar cAMP levels in the whole cell (Fig. S1B) . To address whether tagging with the 5HT6 receptor influences sensor response, we targeted mCherry-cADDis to the cilia using either Arl13b or somatostatin receptor 3 (SST3R) and measured similar mCherry/cADDis ratios (Fig. S1C) . Having established that targeting the sensor to cilia does not affect sensor response, we used 5HT6-mCherry-cADDis to directly test cAMP signaling in cilia after G-protein stimulation rather than a proteomic or immunofluorescence approach. This approach affords accurate measurement of cAMP signal within the cilium in live cells and also reports cAMP dynamics in real time. We stimulated the 5HT6 receptor, a member of the stimulatory GPCR family, and measured the sensor response in cilia and found that cilia can respond to GPCR stimulation ( Fig. 2 G and H).
Cilia Have High Levels of cAMP. Although a FRET-based cAMP sensor targeted to cilia was previously reported, it was not used to compare cAMP levels between cilia and the whole cell (13) .
To accurately determine cAMP concentrations, we assayed the response of 5HT6-mCherry-cADDis expressed in MEFs to varying doses of a cell-permeant analog of cAMP, using live-cell imaging, as described previously (21) . The cell-permeable analog of cAMP, 8-bromo-2′-O-methyladenosine-3′,5′-cyclic monophosphate acetoxymethyl ester (8-Br-2′-O-Me-cAMP-AM), has a similar, but slightly left-shifted, dose response compared with cAMP in vitro due to accumulation within cells (21) . The cell-permeable cAMP analog allows us to approximate concentrations and compare these measurements between the whole cell and cilia. We calibrated 5HT6-mCherry-cADDis in both cilia and cells that had not formed cilia (whole cell) (Fig. 3A) . The dose responses from cilia Receptor or AC-stimulated cAMP levels in cilia as described in G, measured using the mCherry/cADDis ratio, normalized to basal ciliary cAMP levels (*P < 0.05; n = 7 cilia). Data are presented as mean ± SEM.
and the whole cell are indistinguishable, and show that the sensor has a dynamic range that saturates in response to cAMP (Fig. 3B) . Importantly, the mCherry/cADDis ratio does vary between cell types and even different preparations of MEFs, so it is extremely important to calibrate the sensor for each cell type used ( Fig. 3 and Fig. S2 ). Therefore, experiments comparing cilia versus the whole cell or any treatments were each completed in the same batch of cells on the same day with the same settings. Based on the dose response, 5HT6-mCherry-cADDis is capable of reporting biologically relevant cAMP dynamics in cilia and the whole cell (300 nM to 100 μM) (Fig. 3B) . We used 5HT6-mCherry-cADDis to approximate cAMP concentrations in the whole cell and cilia. The average mCherry/ cADDis ratio in the whole cell was 0.84, corresponding to ∼800 nM cAMP ( Fig. 3 C and D) . Others have calibrated basal cAMP between ≤100 nM and 1.2 μM (21). In cilia, mCherry/cADDis ratio was 0.95 corresponding to ∼4 μM cAMP, approximately fivefold higher than whole-cell levels ( Fig. 3 C and D) . The dose response using 8-Br-2′-O-Me-cAMP-AM is left-shifted but parallel to the dose response using cAMP in vitro (21) and therefore the absolute concentrations in the cilia and whole cell may be slightly lower than what we estimate, but the fivefold concentration difference between the cilia and whole cell is accurate. We confirmed the multifold higher cAMP levels in cilia compared with the whole cell in a mouse kidney inner medullary collecting duct cell line (IMCD3) (Fig. S2) .
Basal cAMP Levels Are Due to PIP 3 . To elucidate differences in ciliary cAMP dynamics from the whole cell, we inhibited cAMP production with the broad-spectrum cyclase inhibitor MDL-12330A and prevented cAMP breakdown by phosphodiesterases (PDEs) with IBMX. MDL-12330A reduces cAMP in the cilia but not the whole cell (Fig. 4A) . Furthermore, IBMX increases ciliary but not whole-cell cAMP (Fig. 4B) . Given the precise spatiotemporal regulation of cAMP in cytosol (22) , it is not surprising that inhibition of cyclase or PDE did not alter basal cAMP levels. Together, these data show tonic production of cAMP in cilia but not the whole cell in a cyclase-dependent manner.
Adenylyl cyclase 5 and 6 (AC5/6) localize to cilia (23) . We performed siRNA knockdown in IMCD3 cells to test whether the tonic cAMP production depends on AC5/6. We detect both AC5 and AC6 in IMCD3 cells, with AC6 being the predominant subtype (Fig. S3) . We used siRNA to both AC5 and AC6 and Cells expressing 5HT6-mCherry-cADDis were incubated with the cyclase inhibitor MDL-12330A to inhibit cAMP production, and then the sensor intensity was measured after addition of the cell-permeable cAMP analog (n = 3; 6 to 10 ROIs per point for each experiment). The mCherry/cADDis ratios were plotted versus [cAMP analog] to produce the dose response. (C) The ratio of mCherry to cADDis is higher in cilia compared with the whole cell, demonstrating that cilia have higher basal cAMP levels compared with the whole cell (*P < 0.05; n = 3 experiments). (D) Ciliary cAMP concentrations are five times higher than wholecell levels, determined by interpolation of ratios on a standard curve (*P < 0.05; n = 3; 6 to 10 ROIs per experiment). Data are presented as mean ± SEM. Gαs siRNA2 Fig. 4 . (A) Direct inhibition of AC using 100 μM MDL-12330A for 30 min reduces ciliary cAMP to whole-cell levels (*P < 0.05; n = 3 experiments) but does not affect whole-cell cAMP levels. (B) Inhibition of PDE using 100 μM IBMX overnight increases ciliary cAMP but not whole-cell cAMP levels (*P < 0.05; n = 3 experiments). (C) Western blot using an anti-AC5/6 antibody showing effective knockdown using siRNA to AC5 and AC6; mortalin is used as a loading control. The bar graph shows relative reduction in AC6 mRNA (*P < 0.05).
(D) Knockdown of AC5/6-reduced ciliary cAMP measured using the mCherry/ cADDis ratio (*P < 0.05; n = 3 experiments; 15 to 40 ROIs per experiment).
(E) Western blot showing effective siRNA knockdown of Gα s in MEFs; mortalin is used as a loading control. The bar graph is a quantitation of three independent knockdown experiments. (F) Knockdown of Gα s does not reduce ciliary cAMP measured using the mCherry/cADDis ratio (n = 3 experiments; 7 to 14 ROIs per experiment). (G) Summary FRET/CFP data from cells expressing the PIP 3 sensor InPAkt or 5HT6-InPAkt in cilia (*P < 0.05; n = 3 experiments) or the whole cell (n = 3 experiments) show that cilia have higher PIP 3 levels. (H) Inhibition of PI3K using 10 nM LY294002 overnight reduces basal cilia cAMP levels (*P < 0.05; n = 3 experiments). (I) Expression of the lipid phosphatase PTEN in cilia reduces cAMP levels (*P < 0.05; n = 3 experiments). Data are presented as mean ± SEM.
achieved knockdown detected using both quantitative (q)PCR and immunoblotting (Fig. 4C) . Using 5HT6-mCherry-cADDis, we found significant reduction of basal ciliary cAMP in cells where AC5/6 are knocked down (Fig. 4D) , indicating that AC5/6 are responsible for tonic ciliary cAMP production. To test whether putative basal GPCR activity through Gα s is responsible for the constitutive AC activity and high basal cAMP levels, we used siRNA to knock down Gα s in MEFs. We knocked down Gα s using two different siRNAs (99% and 74% knockdown, respectively) (Fig. 4E) . Knockdown by either siRNA results in complete inhibition of cAMP signaling in cilia after stimulation by β2AR, indicating effective functional knockdown of Gα s (Fig.  S4A) . Knockdown of Gα s , however, does not affect basal ciliary cAMP levels (Fig. 4F) , suggesting a G protein-independent AC5/6 regulation of tonic cAMP production. PIP 3 is capable of regulating AC5/6 activity (24), so we hypothesized that this noncanonical pathway for AC5/6 activation may play a role in cAMP dynamics in cilia. We therefore determined relative PIP 3 levels in the whole cell compared with cilia by targeting the FRET-based PIP 3 sensor InPAkt (25) to cilia by attaching the 5HT6 receptor. Live-cell imaging shows significantly higher PIP 3 levels in cilia compared with the whole cell (Fig. 4G) . Phosphatidylinositol 3-kinase (PI3K) phosphorylates PI(4,5)P 2 to produce PI(3,4,5)P 3 (26) . Inhibition of PI3K using LY294002 significantly reduces ciliary cAMP levels (Fig.  4H ), suggesting that PIP 3 is required for cAMP production in cilia. To reduce PIP 3 levels specifically in cilia of MEFs, we used a nonpharmacological approach by targeting PTEN to cilia with 5HT6. PTEN is a 3′ phosphatase that dephosphorylates PI(3,4,5) P 3 to produce PI(4,5)P 2 with 200-fold more effectiveness for PIP 3 than other phosphoinositides (27) . By attaching 5HT6 to PTEN, we can localize its phosphatase activity to the cilia. Expression of 5HT6-PTEN reduces ciliary cAMP levels to those found in the whole cell (Fig. 4I) . By preventing PIP 3 formation (Fig. 4H ) or increasing PIP 3 breakdown (Fig. 4I) , we show that basally high ciliary cAMP is due to G protein-independent AC5/6 activity mediated by PIP 3 .
SHH Increases Ca
2+ and Reduces cAMP and PKA. AC5 and AC6 are inhibited by Ca 2+ (28) . The Smoothened agonist SAG raises [Ca 2+ ] in cilia (16) and increases Ca 2+ current in cilia through Trp channels that are inhibited by Gd 3+ (17) . We used the ciliatargeted Ca 2+ sensor 5HT6-mCherry-GECO1.0 (15) to measure Ca 2+ levels in response to SHH. Ciliary Ca 2+ levels increase upon SHH stimulation and are inhibited by Gd 3+ (Fig. 5A ). Because SHH increases ciliary Ca 2+ and the ciliary AC5 and AC6 are inhibited by Ca 2+ (28), we determined the effect of SHH on ciliary cAMP. Treatment of MEFs with SHH and other Smoothened activators reduces ciliary cAMP levels ( Fig. 5B and  Fig. S5 ). SHH also prevents GPCR-mediated and direct ACactivated production of cAMP (Fig. S4B) . Gd 3+ , which blocks Ca 2+ entry, inhibits the SHH-mediated reduction in cAMP (Fig.  5B and Figs. S4B and S5A ). Ruthenium red, another channel blocker, also inhibits the SHH-mediated cAMP reduction (Fig.  S5B) . Although there is very little cAMP basally in the whole cell ( Fig. 3 C and D) , SHH does not detectably affect the cAMP in the whole cell. Our data suggest that inhibition of AC5 and AC6 by Ca 2+ is the mechanism of SHH reduction of cAMP in cilia. The identity of I cilia , the calcium-permeable ciliary current, remains controversial (17, 29) . We detect significant levels of PKD2 but not PKD2L1 transcripts in IMCD3 cells and MEFs (Fig. S6) . These data suggest that PKD2 is the likely channel-mediating Ca 2+ effect that we report here; however, the identity of I cilia in each cell type needs further study and empirical determination.
Mick et al. have shown that SAG-mediated reduction of the Gli3 repressor is dependent on ciliary PKA activity (6) . Although it has been speculated that stimulation of the HH pathway leads to decreased PKA activity, this link has not been tested within cilia. The high basal cAMP in cilia that we measured (Fig. 3 C and  D) is sufficient to activate PKA (30) , and indeed there is higher PKA activity in cilia compared with the whole cell (Fig. 1B) . Using prevents the effect of SHH (*P < 0.05; n = 3 experiments). (C) SHH inhibits PKA activity in cilia measured using the PKA sensor AKAR4. Gd 3+ prevents SHH inhibition of PKA (*P < 0.05; n = 3 experiments). (D) In MEFs, SHH reduces Gli3R and increases Gli3-FL and Gli1; Gd 3+ inhibits SHH effects. Western blot is representative of three similar experiments. Mortalin is used as a loading control. (E) Immunofluorescence to detect localization of transfected Gli2-HA in cilia after various treatments. Arl13b immunofluorescence (green) is used to demarcate cilia; nuclei are stained using DAPI. Gli2 localizes to cilia after SHH treatment. The SHH effect on Gli2 localization is inhibited by Gd
3+
. Inhibition of PI3K leads to localization of Gli2 to cilia in the absence of SHH. White arrows indicate colocalization. (F) Summary data for ciliary localization of Gli2-HA after various treatments. The data are from two independent experiments. A total of 42 to 55 cilia were counted for the four conditions to determine the percentages. (G) In MEFs treated with PTX (250 ng/mL; overnight), SHH maintains its ability to reduce ciliary cAMP whereas Gd 3+ still prevents the SHH effect (*P < 0.05; n = 3 experiments). (H) SHH increase of Gli1 expression is also maintained after PTX treatment but was prevented by Gd 3+ (*P < 0.05). Data are presented as mean ± SEM.
the cilia-targeted AKAR4, we found that SHH treatment results in reduced PKA activity in cilia that is prevented by cotreatment with Gd 3+ (Fig. 5C ). To determine regulation of downstream signaling to Gli proteins by SHH and Ca 2+ , we measured Gli3 and Gli1 proteins after treatment with SHH with or without blocking Ca 2+ entry with Gd
. Fig. 5D shows effects of SHH on Gli3R, Gli3-FL, and Gli1 that were all prevented by Gd 3+ . Using immunofluorescence to detect an HA-tagged Gli2, we also show that SHH stimulation leads to Gli2 localization to cilia that is prevented by Gd 3+ (Fig. 5E) . Additionally, inhibition of PI3K leads to Gli2 localization to cilia (Fig. 5E) , which further supports a role for PIP 3 -mediated regulation of cAMP signaling. Summary data for Gli2 localization after different treatments are shown in Fig. 5F .
Having demonstrated the importance of Ca 2+ in SHH-mediated signaling through cAMP and PKA, we next addressed the potential of Smoothened signaling through Gα i/o to inhibit ACs, resulting in the reduction of cAMP. Pertussis toxin (PTX) treatment effectively inhibits Gα i/o activity in cilia (Fig. S4C) . Remarkably, in the presence of PTX, SHH still reduces cAMP but the cAMP reduction can be prevented by Gd 3+ (Fig. 5G) . Furthermore, PTX did not prevent the increase in Gli1 expression after HH signaling, whereas Gd 3+ effectively inhibited this effect (Fig. 5H) . Therefore, SHH regulation of ciliary cAMP is not dependent on Gα i/o signaling but rather Ca 2+ entry through a Gd 3+ -inhibited channel.
Discussion
By directly measuring cAMP in cilia, we have established that the basal concentration of cAMP in cilia is not only higher than in the whole cell but also high enough to sustain PKA activity (30) . Primary cilia of MEFs are capable of responding to signals from stimulatory GPCRs (Fig. 2 G and H) ; however, the basally high cAMP level in cilia depends on adenylyl cyclase 5/6 activity that requires PIP 3 but not stimulatory G proteins. Others have reported that PI(4,5)P 2 and INPP5E play critical roles in ciliary signaling (31) and that inhibition of PI3K prevents IGF-I-stimulated Akt and SHH-mediated increase in Gli activity in a luciferase assay (32). Additionally, cross-talk between inhibition of HH and PI3K expression was also reported in some medulloblastomas (33) . However, those previous reports did not establish a specific role for PIP 3 in ciliary signaling. We show that AC5/6 are key players in regulating ciliary cAMP. Given the recent finding that PIP 3 regulates AC5/6 (24), we used selective pharmacological (27) and genetic overexpression strategies to reduce PIP 3 and effectively reduce ciliary cAMP levels. We therefore conclude that PIP 3 is the key player in regulating AC5/6 and maintaining high cAMP levels in cilia. Previous reports have suggested a role for HH-regulated Ca 2+ signaling during development (34) and in metabolic regulation (35) . We show that HH signaling controls Ca 2+ dynamics to regulate ciliary cyclases and downstream signaling through cAMP to PKA and Gli proteins (Fig. 6 ). Our data do not eliminate the role for G-protein pathways in regulating specific ciliary signaling, such as those shown for GPCRs (36, 37) . Likewise, we recognize that specific cell types or certain developmental time points may require additional regulation of cAMP by stimulatory or inhibitory GPCRs to regulate HH signaling (38) .
The identity of the channel responsible for Ca 2+ entry in cilia is a matter of current debate (17, 29) . In the two cell lines that we use, PKD2 but not PKD2L1 was detected using RT-PCR and qPCR. However, different cells from other tissues may use other channels to accumulate Ca 2+ in the cilium (39 (16) , and suggest that the rise in Ca 2+ is due to the recruitment of calcium-permeable Trp channels. Although shortterm effects on Gli proteins of SHH stimulation have been seen (40) , the full effects are not seen until much later (at least 16 h after SHH stimulation). Undetected changes in cAMP dynamics or an undetermined mechanism may regulate the fast response of Gli proteins. However, to see the full effect of SHH stimulation, prolonged stimulation is required.
By measuring signaling molecules in cilia, we find that Ca
2+
and phospholipids regulate cAMP signaling in cilia, obviating the need for G-protein signaling. As is the case for Ca 2+ concentration in cilia, production of a small number of cAMP molecules significantly increases cAMP concentration within the small ciliary space. Nevertheless, those few cAMP molecules are sufficient to sustain PKA activity in the cilia and maintain GliR. Our data highlight the unique environment that exists within cilia, in which local PIP 3 levels cause basally high cAMP and PKA levels and maintain Gli proteins in the repressor form. Finally, SHH increase in Ca 2+ and reduction of ciliary cAMP are sufficient to reduce PKA activity and change Gli processing.
Experimental Procedures
Refer to SI Experimental Procedures for full methods.
Molecular Biology. 5HT6-mCherry-G-GECO1.0 (15), PTEN-GFP, Arl13b-GFP, and pCEFL 3×-HA-Gli2 were obtained from Addgene. Somatostatin receptor 3 was purchased from the DNA Resource Center. The cADDis sensor was developed by Montana Molecular (montanamolecular.com/). The PKA sensor AKAR4 (19) and PIP 3 sensor InPAkt (25) have been described elsewhere. All sensors were targeted to the cilia by the 5HT6 receptor or 5HT6-mCherry. mCherry was subcloned in-frame to the 5′ end of cADDis to create mCherrycADDis. Arl13b and SST3R were cloned in-frame to the N terminus of mCherry-cADDis.
Cell Culture of MEFs and IMCD3. Mouse embryonic fibroblasts were isolated from embryonic day (E)13.5 embryos as described (41) , and experiments were carried out within four passages. MEFs or mouse IMCD3 cells were nucleofected using the Neon Transfection System (Life Technologies) and serumstarved 16 to 22 h before imaging to induce ciliogenesis.
Imaging. Cells were rinsed twice with imaging low K-buffer containing 25 mM Hepes, 114 mM NaCl, 2.2 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 22 mM NaHCO 3 , 1.1 mM NaH 2 PO 4 , and 2 mM glucose (pH 7.4). Live cells were imaged on an inverted Olympus spinning-disk confocal microscope with MetaMorph imageacquisition software (Molecular Devices) and processed with ImageJ (NIH).
cAMP Quantitation. Responses of the 5HT6-mCherry-cADDis sensor to varying doses of cAMP were measured following the protocol of Börner and colleagues (21) . cAMP levels of MDL-12330A-treated cells were collected followed by exposure to 0.01 to 100 μM cell-permeable cAMP analog 8-Br-2′-O-Me-cAMP-AM (Axxora), which was shown to have the same affinity for EPAC2 as cAMP (21) . The mCherry/cADDis sensor ratios were calculated and the dose response was fitted with a four-parameter curve using Prism 6 (GraphPad Software). mCherry/cADDis ratios were input as unknown Y values in Prism and, using the four-parameter curve fit, x values were interpolated to calculate the cAMP concentration in cilia or the whole cell.
Image Processing. For each experiment a specific region of interest (ROI) was selected: Whole-cell imaging data from the entire cell were captured, ciliary signaling-targeted sensors were used that localized primarily to cilia, and then ROIs were selected to include only cilia and exclude any extraneous sensor in the rest of the cell.
Expression of Cilia-Targeted PTEN. 5HT6-PTEN (described above) was cotransfected into MEFs with 5HT6-mCherry-cADDis. Cells were serum-starved overnight and imaged the following day as described above.
Gli Western Blot. MEFs were serum-starved and treated for 16 h overnight with 10 nM Sonic Hedgehog and/or 25 μM gadolinium in DMEM + 0.2% BSA. Protein lysates were run on a 7.5% Tris·HCl gel and transferred to nitrocellulose membranes. The membrane was probed overnight at 4°C with Gli3 antibody (R&D Systems) diluted 1:1,000. The secondary antibody used was donkey anti-goat HRP at 1:20,000 (Jackson ImmunoResearch). Stripped membranes were probed overnight with Gli1 antibody at 1:1,000 (Cell Signaling Technology) or mortalin at 1:1,000 (Antibodies Incorporated). Secondary antibodies used were donkey anti-rabbit HRP at 1:3,000 (for Gli1) and goat anti-mouse HRP at 1:3,000 (for mortalin).
Knockdowns, Western Blots, and cAMP Levels. MEFs were transfected with negative control (SI03650318), GNAS (SI01053983 and SI01053990), or AC5
and AC6 (SI00890106 and SI02685753) siRNAs using the Neon Transfection System (Life Technologies). Cells were serum-starved overnight before analysis. Forty-eight hours after siRNA and 5HT6-mCherry-cADDis nucleofection, cilia were imaged and protein and/or RNA were harvested. For Western blotting, the membrane was probed using anti-Gα s antibody (GeneTex) at 1:1,000 or anti-AC5/6 antibody (Santa Cruz; SC-590) at 1:200 overnight at 4°C and donkey anti-rabbit HRP or donkey anti-rabbit HRP secondary antibodies. Blots were stripped and probed for mortalin as a loading control as described above. qPCR was performed using TaqMan Gene Expression Assays (Applied Biosystems) for mouse Adcy5 (Mm00674122_ml), Adcy6 (Mm00475772_ml), and GAPDH (Mm99999915_gl).
Pertussis Toxin Inhibition of Gα i/o . 5HT6-mCherry-cADDis transfected cells were serum-starved and treated with SHH (10 nM) ± Gd 3+ (100 μM) and PTX (250 ng/mL) for 18 to 22 h. The cAMP levels of cells treated with boiled (inactivated) PTX (250 ng/mL) were not different from untreated controls.
